Initiation is the rate-limiting step in translation. It is well-known that stable structure at a ribosome binding site (RBS) impedes initiation. The ribosome standby model of de Smit and van Duin, based on studies of the MS2 phage coat cistron, proposed how high translation rates can be reconciled with stable, inhibitory structures at an RBS. Here, we revisited the coat protein system and assessed the translation efficiency from its sequestered RBS by introducing standby mutations. Further experiments with gfp reporter constructs assessed the effects of 5 -tails--as standby sites--with respect to length and sequence contributions. In particular, combining in vivo and in vitro assays, we can show that tails of CA-dinucleotide repeats--and to a lesser extent, AU-repeats--dramatically increase translation rates. Tails of increasing length reach maximal rate-enhancing effects at 16-18 nucleotides. These standby tails are single-stranded and do not exert their effect by structure changes in the neighboring RBS stem-loop. In vitro translation and toeprinting assays furthermore demonstrate that standby effects are exerted at the level of translation initiation. Finally, as expected, destabilizing mutations within the coat RBS indicate an interplay with the effects of standby tails.
INTRODUCTION
Bacterial protein synthesis has been studied extensively for decades, mostly in enterobacterial systems like Escherichia coli. Generally speaking, all steps in translation can contribute to the output of polypeptides. However, even though elongation rates, e.g. via codon bias effects, contribute to overall protein synthesis [e.g. (1, 2) ], it is clear that translation initiation is rate-limiting for protein synthesis (3) (4) (5) (6) .
In the canonical mode of enterobacterial translation initiation, the 30S ribosomal subunit binds to the translation initiation region (TIR) of an mRNA which comprises all elements required for initiation to take place (6, 7) . Proper start site selection usually involves a base-pairing interaction between the Shine-Dalgarno (SD) sequence in the mRNA and the antiSD sequence in the 16S rRNA (8, 9 ). An appropriately spaced downstream AUG (or GUG/UUG) start codon binds fMet-tRNA fmet and GTP-bound initiation factor IF2 to set the reading frame. This complex is now ready for 50S subunit joining, recruitment of the ternary complex EF-Tu/ aa-tRNA, followed by the elongation phase. Sometimes, sequences called translational enhancers (often A/C-, A/U-, or U-rich, e.g. (10) (11) (12) (13) (14) (15) (16) , and protein factors such as ribosomal protein S1 (13, 17, 18) modulate the efficiency of initiation. Alternative modes distinct from canonical initiation are known. E.g., leaderless mRNAs, lacking SD sequences, can be efficiently translated (19) (20) (21) in an S1-independent manner, and a 70S-scanning initiation mechanism has been reported (22) .
The ribosome binding site (RBS), defined as the region within the mRNA that is protected by the bound 30S subunit in the initiation complex, was reported to extend from positions -18 to +10 relative to the start codon (9) . Hydroxyl radical footprinting indicated protection from -35 to +19 (23) , reflecting RNA backbone contacts and the two base-pairing interactions (SD-antiSD; tRNA-start codon). This extensive interaction area suggests that stable structures within an RBS should impair binding and interfere with initiation. Mutational as well as global analyses indeed support this and, moreover, show that local structure rather than the stability of an SD-antiSD interaction predicts output. For example, extensive mutagenesis of GFP reporter constructs indicated that low local structure from position +4 to +38 after the AUG correlates with high GFP synthesis. Instead, rare codons, the strength of an SD, or the frequency of optimal codons failed to explain the results (24) . Similarly, structure-destabilizing mutations from the start codon to +25 increase in vitro translation (25) , and stable structures within the first five codons impair translation (26, 27) . A bias towards low local structure within the RBSs of most genes was also observed in global studies, and high translation rates--assessed by ribosome profiling--countercorrelate with RBS structure (28) (29) (30) . A 'ramp model' suggested that rare codons near the start of a coding sequence (CDS) promote high expression. However, since rare codons are biased towards A or U in their third positions, they decrease the propensity of forming stable structures (31, 32) .
Since the accessibility of an RBS affects protein output, translational regulation often involves induced RNA structure change (33) . For example, proteins, small 'antisense'-type RNAs, metabolites, pH, or temperature [e.g. (34) (35) (36) (37) (38) (39) (40) (41) ] can change mRNA structure to modulate translation initiation rates. Other cases involve translational coupling in which upstream translation irons out a stably folded downstream RBS (42, 43) .
Work by de Smit and van Duin (44) on an RNA bacteriophage showed an inverse relationship between the efficiency of translation of the MS2 coat protein and the thermodynamic stability of an RNA stem-loop that encompasses its RBS. Each mutation that changes the G
• -value by -1.4 kcal/mol gives a tenfold change in expression (45) . That is, ribosomes compete with folding and need to capture an RBS in its unfolded state. However, the calculated G • -value of the wild-type RNA structure [-11 kcal/mol; (46)] raised a problem: the fraction of time the stem-loop would spend in an unfolded state, exposing the RBS, is in the microsecond range. This is incompatible with significant coat protein translation, considering known 30S association rates and the time the RBS is in its unfolded state; calculations predicted >10 000-fold lower coat protein translation (47, 48) . The authors solved this apparent paradox by suggesting the 'standby' model. Sequence-nonspecific binding of 30S subunits to accessible single-stranded regions, in the vicinity of a stably structured RBS stem-loop, kinetically overcomes the effect of the inhibitory structure. 30S subunits pre-bound to the mRNA can access the RBS as soon as it is transiently unfolded ('breathing'). This turns a second-order into a first-order reaction, simply requiring the relocation of the ribosome from the standby site to the proper start site (48, 49) . Replacing a thermodynamically based model by a kinetically driven mechanism resolved the coat protein paradox.
Based on structure predictions of the coat protein RBS, de Smit and van Duin (49) suggested that several upstream and downstream unstructured regions, adding up to 45-50 nucleotides altogether [i.e. roughly the size of a 30S footprint (23)], might act as standby sites. Some studies suggested that 30S ribosomes are able to bind single-stranded surface areas even when interrupted by structural elements (50, 51) . More recent work has provided biochemical and genetic support for the standby model. Studer and Joseph (52) used a fluorescence-based assay to study binding of the 30S subunit to short model mRNAs. 30S initiation complexes failed to form on an RNA that consisted of a stable stem-loop comprising both the SD and the start codon. However, the addition of a single-stranded 5 -oligo-U-tail (12 nt) promoted initiation complex formation, even though the stability of the stem-loop was unchanged (52) . In a second study, our lab addressed the function and regulation of the bacterial toxin-antitoxin system tisB/istR-1 (53, 54) . In short, the toxin RBS is embedded in a very stable structure, and a single-stranded sequence ≈100 nt upstream serves as a standby site which is required to permit translation. Sequestration of this standby site, either by formation of a structure element in the 5 -UTR of tisB mRNA, or by binding of the antisense antitoxin RNA IstR-1, prevents translation (53, 55, 56) . As in the Studer and Joseph study (52) , the standby site promotes translation, even though the inhibitory structure of the RBS is unchanged.
In this study, we revisited the MS2 standby model, and performed proof-of-principle studies on a simplified standby reporter based on the coat RBS structure and a GFP readout system. In vivo and in vitro results confirm the de Smit and van Duin conclusions concerning the complexity of the natural standby site (48, 49) . In our test system, translation of GFP initiating from only the coat RBS stem-loop was at background level, but the addition of unstructured 5 -tails conferred dramatic enhancement of GFP translation. A systematic assessment of an AU-and CAseries of tails shows that both sequence and length of a tail determines expression levels.
MATERIALS AND METHODS

Plasmid constructions
All primers are listed in Supplementary Tables S1 and S2 . Constructs were derived from the pSC101* plasmid pXG-10 carrying a PL TetO -driven lacZ-gfp translational fusion (57) . The lacZ-segment is bordered by NsiI (immediately downstream of the promoter) and NheI sites (at the start of gfp). Plasmid pXG-10 DNA was digested with both enzymes and dephosphorylated. For pMS2 and the truncated series (pMS2-0 to -11; Figure 2 ), PCR-fragments were amplified from plasmid pK2, containing the MS2 coat gene (44) , using various primers (Supplementary Tables S1 and  S3 ), generating flanking NsiI and NheI sites. After digestion with both enzymes, each fragment was inserted into the vector; the coat start codon is in frame with gfp ( Figure 1A) .
Plasmids with 5 -tails immediately preceding the MS2 RBS stem-loop (Figure 3 and further), were created as follows. First, a PCR fragment generated from plasmid pEH87 (58) using primers EHO-444 and EHO-445 was circularized by ligation to create plasmid pEH108. The pEH108 plasmid was PCR amplified with Phusion polymerase (NEB) using phosphorylated outward primers (Supplementary Table S4), and the PCR product was circularized by ligation. Plasmids generated by this strategy all contain: promoter::AA::standby-tail::MS2-RBS::site-NheI::GFP.
Microplate reader experiments
Cell cultures (biological triplicates) were grown in LB medium containing chloramphenicol (15 g/ml) for 2-4 h at 37
• C, and then diluted 50×. Technical triplicates of each sample were used in 96-well plates. Control wells contained only LB medium ± chloramphenicol, or plasmid-free cells. Plates were incubated for 20 h at 37
• C in a microplate reader (Infinite M200 Pro; Tecan). Cell density (OD 600 ) and fluorescence (excitation at 480 nm, emission at 520 nm) were measured at 5 min intervals, after 1 min of shaking.
Data analysis was done by subtracting the average background cell density from all cell density measurements, and subtracting the background fluorescence from all samples separately for each time point. The fluorescence values at time points at which OD 600 was ≈0.4 (late exponential phase; this OD value measured in the plate reader corresponds to a proper OD value of 1.4) were used for further calculations: the fluorescence/cell density ratio was calculated, and the corresponding values from empty cells was subtracted from all other samples. Averages were normalized against the positive control (pMS2). Standard errors were calculated as the standard deviation divided by the square root of the number of biological replicates.
Western analysis of in vivo translation
For in vivo analysis of GFP-fusion protein levels, cells were grown in LB containing chloramphenicol (15 g/ml) until an OD 600 of 0.5. One ml of cells was centrifuged, and pellets resuspended in 50 l protein loading buffer (Fermentas #R0891). Samples were denatured for 3 min at 90
• C and separated on 10% denaturing PAGE in running buffer (25 mM Tris, pH 8.8; 190 mM glycine; 0.1% SDS). Proteins were transferred to Immobilion-P PVDF membranes (Millipore) o/n at 35 mA at 4
• C in transfer buffer (20% methanol; 25 mM Tris; 300 mM glycine; 0.01% SDS) using an electroblotting system (Bio-Rad Trans Blot). Membranes were blocked for 1 h in 20 ml of 3% BSA in PBST (PBS with 0.1% Tween20) and then incubated in 10 ml of 3% BSA in PBST, containing conjugated anti-GFP-HRP (Horseradish Peroxidase; 1/5,000; Miltenyi Biotec) or antiGroEL-HRP (1/50,000; Sigma) for 1 h. Membranes were washed 3 × 5 min in PBST and 2 × 5 min in PBS. Blots were developed for 1-5 min in ECL Prime (GE Healthcare) and exposed in a PMI™ system (Bio-Rad).
In vitro transcription
For use in translation experiments, DNA sequences were PCR-amplified from gfp-fusion plasmid templates. Forward primers contained the T7-promoter sequence, one G for transcriptional efficiency, and the 5 -part of the gene. The reverse primer EHO-715 binds 30 nucleotides downstream of the gfp stop codon. (For template and primers used, see Supplementary Table S5 .) For structure probing, reverse primer EHO-828, positioned ≈80 nucleotides into gfp, was used to create a shorter mRNA variant (Supplementary Table S5 ). PCR products were transcribed at 37
• C by 400 U of T7 RNA polymerase (Ambion) in the presence of 7 mM of each NTP in transcription buffer (40 mM Tris-HCl [pH 7.5], 30 mM MgCl 2 , 11 mM DTT, 2 mM spermidine, 0.01% Triton X-100) in a total volume of 200 l. DNA templates were degraded by 2 l of DNase I (1 U/l; Thermo Scientific) for 15 min at 37
• C. In vitro transcribed RNA was extracted twice with acidic phenol/chloroform/isoamylalcohol (25/24/1) and once with chloroform/isoamylalcohol (24/1), followed by ethanol precipitation. Pellets were washed with 70% ethanol and resuspended in water. Nucleotides were removed using Illustra MicroSpin G-50 columns (GE Healthcare). RNA concentrations were measured by Nanodrop, and RNA quality was validated by agarose gel electrophoresis.
In vitro translation assay
Full-length in vitro transcribed mRNA (gfp-fusions; 7.5 pmol) in a total volume of 6 l was pre-incubated for 3 min at 90
• C and 2 min on ice, and then diluted in TMN buffer (20 mM Tris, 5 mM Mg-acetate, 100 mM NaCl [pH 7.5]) to a total volume of 7.5 l. For each reaction, 3 l of the pre-incubation mix was added to 7 l of translation mix (PURExpress In Vitro Protein Synthesis kit; NEB #E6800). For the experiments in Figure 6 , pre-incubation mixes contained 50 pmol of either an antisense (MS213) or control (MS073) oligo. Translation was performed for 30 min at 37
• C, and reactions were stopped by adding protein loading buffer (Fermentas #R0891) on ice. Samples were run on a 10% PAGE, followed by Western blot as described.
Radioactive labeling of oligodeoxyribonucleotides
20 pmol of an oligo was incubated for 30 min at 37
• C with ␥ -[
32 P]-ATP and 10 U of T4 polynucleotide kinase (Thermo Scientific) in (50 mM Tris-HCl [pH 7.6], 10 mM MgCl 2 , 5 mM DTT, 0.1 mM spermidine) in a total volume of 20 l. After incubation for 10 min at 80
• C, free ␥ -[ 32 P]-ATP was removed using an Illustra MicroSpin G-50 column (GE Healthcare).
RNase H cleavage assay
7.5 pmol of in vitro transcribed RNA and 50 pmol of antisense (MS213) or control (MS073) oligo were incubated for 10 min at 37
• C in TMN buffer in a total volume of 15 l. RNase H (5 U; Thermo Scientific) and RNase H buffer (200 mM Tris-HCl [pH 7.8], 400 mM KCl, 80 mM MgCl 2 , 10 mM DTT) were added to a total volume of 20 l, and incubated for 15 min at 37
• C. Samples were phenol-extracted and precipitated with ethanol. Redissolved RNA was denatured in the presence of 5 -end-labeled oligo MS294, and reverse transcribed in the presence of dNTPs (0.5 mM each) and SSII RT (200 U/l; Thermo Scientific) in SB-Mg10 buffer (10 mM Tris-acetate [pH 7.6], 1 mM DTT, 100 mM K-acetate, 10 mM Mg-acetate) for 30 min at 37
• C. The cDNA was phenol-extracted and precipitated with ethanol. Sequencing reactions were performed as for the toeprinting experiment, and samples were separated by 7.5% denaturing PAGE. Detection was done using a Phosphoimager screen and a PMI™ system (Biorad).
Toeprinting analysis
For each 4 l reaction, an annealing mixture contained 0.2 pmol of in vitro transcribed RNA and 0.4 pmol of [
32 P]-end-labeled oligo MS294 (complementary to +41 to +57 in mRNA) in SB1x buffer (10 mM Tris-acetate [pH 7.6], 1 mM DTT, 100 mM K-acetate). When specified, 10 pmol of an antisense (MS213) or control (MS073) oligo were included. Annealing mixtures were incubated for 1 min at 90
• C and then placed on ice. Initiation complexes in a final volume of 8 l were formed by adding 3.2 l of the annealing mixtures to dNTPs (final concentration 625 M each) and 30S subunits (250 nM) in SB-Mg10 buffer (10 mM Tris-acetate [pH 7.6], 1 mM DTT, 100 mM K-acetate, 10 mM Mg-acetate). After pre-incubation for 10 min at • C, 2 l of tRNA fMet was added to a final concentration of 0.4 M and the mixture incubated continued for 15 min at 37
• C. Reactions without 30S or tRNA received equivalent volumes of SB1x-Mg10 buffer. For reverse transcription, 200 U of SuperScript III RT (Thermo Scientific) were added for 15 min at 37
• C. To stop the reactions, 110 l of 300 mM Na-acetate was added on ice. After phenolextraction and ethanol precipitation, pellets were dissolved in loading buffer (0.02% xylene cyanol, 0.02% bromophenol blue in formamide). Corresponding sequencing ladders were generated using mRNA, with the same RT primer as above, and SuperScript RT, but in reactions containing 25 M of one dNTP and 1.7 M of one ddNTP for chain termination (4 different reactions) and 100 M of each other dNTP. The cDNA products were run on 7.5% sequencing gels which were fixed in 10% ethanol and 6% acetic acid for 5 min, transferred onto Whatmann paper 3MM, and dried at 80
• C. Detection of bands was by Phosphoimager as above.
RNA structure probing
2 pmol of gel-purified mRNA was denatured for 1 min at 95
• C and chilled on ice for 2 min. Renaturation was done in native buffer (10 mM Hepes [pH 7.5], 1 mM Mg acetate, 100 mM K acetate) at 37
• C for 10 min, followed by addition of 2 g of carrier tRNA (ThermoFisher Scientific, #AM7119). RNase V1 probing used a final concentration of 0.01 U/l (ThermoFisher Scientific, #AM2275) for 5 min at 37
• C. Reactions were stopped by addition of ice-cold sodium acetate to 0.3 M. RNAs were phenolextracted and precipitated with ethanol. Lead(II) acetate (Sigma, #316512) was used at 6.25 mM final concentration for 2.5 min at 37
• C. Reactions were stopped with EDTA, final concentration 35 mM. RNAs were directly precipitated with 3 vol of ethanol. RNA pellets were washed twice with 70% ethanol and redissolved in water, with 5 -endlabeled oligo EHO-828 and dNTPs (0.5 mM each). Samples were heated at 65
• C for 3 min and cooled to 4
• C. Reverse transcription was done at 48
• C for 25 min with 100 U of SuperScript ® IV RT and corresponding buffer (ThermoFisher Scientific, #18090010). The cDNAs were phenolextracted, precipitated, and washed with ethanol. Sequencing reactions were performed as for toeprinting. The cDNA products were run on a 7.5% sequencing gel, and processed for analysis as above.
RESULTS
The standby site of the coat protein gene of phage MS2 is required for efficient translation in vivo
First, we revisited the MS2 model system to systematically assess the contribution of sequence and structure elements to standby. Earlier work had shown that deletions upstream of the coat cistron decreased translation (47, 59) , and the relatively unstructured regions surrounding the coat RBS were proposed as a standby site (49) . The predicted structures around the coat protein start site are shown in Figure 1A . The corresponding DNA segment, including the RBS stem-loop, was translationally fused to GFP ( Figure  1A ; pMS2) on a low-copy pSC101* plasmid (for details, see Materials and Methods). A second fusion only contained the coat RBS stem-loop, lacking the unstructured flanking regions ( Figure 1A ; pMS2-0). The reporter protein GFP was detected by Western blot, and GFP fluorescence in cells was in parallel monitored in a microplate reader. Cells carrying plasmid pMS2 expressed high levels of GFP, shown both by Western blot and plate reader, whereas cells carrying pMS2-0 supported insignificant GFP synthesis ( Figure  1B and C) . Thus, the absence of the flanking regions caused translation to drop to background levels.
Subsequently, elements of the flanking regions around the coat RBS in pMS2 were systematically deleted, and gfp expression levels examined in the microplate reader. When parts of the region upstream of the sequestered start site were removed, expression levels decreased, and complete removal of upstream sequences completely abolished expression (Figure 2A ). For deletions of the downstream elements, we ensured that all fusions remained in frame. Also here, gfp expression decreased as more segments were deleted ( Figure  2B ). Generally, downstream deletions mostly gave smaller effects than upstream deletions. Additionally, deletions of both upstream and downstream segments ( Figure 2C ) indicate that unstructured regions on both sides contribute to wild-type, high translation rates, congruent with the model of de Smit and van Duin (48) . Overall, it appears that removal of 5 -tails contributes more to decreased output than most other deletions (cf. Figure 2A pMS2 versus pMS2-1, pMS2-2 versus pMS2-3). It cannot be excluded that differences in mRNA stability in part contribute to these results (but see below).
Short sequences in front of the coat RBS stem-loop enhance translation in vivo
The experiments above are consistent with the nonsequence-specific binding sites surrounding the translation initiation site being essential for translation (48) . However, the complexity of this system makes is difficult to pinpoint Figure 3 . Short sequences in front of the inhibitory RBS affect translation rates. The DNA sequence of the coat RBS stem-loop (in red) was translationally fused to gfp (green). Short sequences were inserted upstream of the stem-loop, immediately downstream of two A residues (positions +1 and +2 in mRNA). These were mono-or dinucleotide repeats of six or eight nucleotides (A), increasing numbers of (AU)-repeats (B) or of (CA)-repeats (C). Fluorescence levels are shown relative to that of the reference strain carrying pMS2 (see Figure 1) , with error bars for three biological replicates.
the contributions of particular sequences or structural motifs to standby and, consequently, translation rates. We designed a simpler, more easily manipulated system, to assess features of putative standby sites that affect translational efficiency. Six or eight nucleotides were inserted immediately upstream of the inhibitory coat RBS in plasmid pMS2-0 ( Figure 3A) . As constructed, all encoded mRNAs carried two A's at their 5 -ends (Materials and Methods). For simplicity, and to minimize the putative effects of alternative secondary structures, we inserted homopolymers or dinucleotide repeats. These included an oligo-U insert similar to the one in (52) that stimulated initiation complex formation on a stable RBS.
The in vivo levels of GFP were assessed using a plate reader. Figure 3 shows the expression values of cells carrying each of the fusion plasmids in late exponential phase (at the same cell density). The pMS2 construct with the 'wildtype standby site' (49) was chosen as an arbitrary reference for levels of expression and normalization. The results indicate that some 5 -tails, but not others, increase gfp expression over the background obtained with a tail-less con-struct (p00, Figure 3A ), yet lower than the reference fusion pMS2. Most 10 nt tails (AA plus an inserted 8-mer) enhanced translation slightly more than those of 8 nt, suggesting a length-dependence. At this point, these results could not distinguish between effects due to sequence motifs, secondary structure, or both.
Increasing numbers of AU-and CA-repeats strongly enhance expression levels in vivo and in vitro
Since Figure 3A suggested a length-dependence of putative standby sites, a more systematic set of constructs was tested. AU-and CA-repeats have a low propensity for forming stable secondary structure. Moreover, ACA-motifs adjacent to the RBSs of yifK and dppA stimulate translation initiation (60) , and the sRNA GcvB represses its target mRNAs by binding to upstream C/A-rich regions, which may serve as translational enhancers (15) . AU-rich sequences in 5 -UTRs also sometimes enhance translation (13, 14) . The series of plasmids created had dinucleotide repeats, AU or CA (ranging from 6-18 nt), inserted between the AA 5 -end of the mRNA and the sequence of the inhibitory RBS stemloop. Fluorescence levels are shown relative to the reference strain, carrying pMS2 ( Figure 3B and C). For both AUand CA-repeats, translation levels show length-dependent translation-enhancing activity. For AU-repeats, translation levels increased, reached a maximum from AU(5-8) (12-18 nt tails), and then decreased slightly. With the CA-series, dramatically higher expression was obtained, with top levels for (CA)8 being nine-fold higher than for the reference (pMS2); note the difference in scale between Figure 3B and C. Again, a length-dependence was observed, with a maximum at 18 nt tails. Clearly, the two dinucleotide repeat tails promote strikingly different gfp expression levels.
In order to test whether the tails may enhance translation by changing the structure of the inhibitory stemloop, structural probing was conducted on the 5 -segments of in vitro transcribed mRNAs derived from plasmids p00, p(CA)4, p(CA)6 and p(CA)8. The cleavage patterns observed with RNase V1 (specific for double-stranded RNA) and lead(II), [specific for single-stranded RNA (61)], indicated no change within the RBS stem-loop in all four tested RNAs (Figure 4) . RNase V1 cleavages mapped to the stem, whereas lead(II) cleavages were strongest in the loops and the CA-tails. Thus, the structure of the RBS stem-loop is maintained upon addition of these 5 -tails, suggesting that the observed effects ( Figure 3) are not due to structural rearrangements. Structure predictions of these and other mRNAs furthermore suggest that the gfp sequences downstream do not affect the structures of the 5 regions (Supplementary Figure S1 ).
The stimulatory effect on GFP expression in vivo by addition of single-stranded tails in front of the structured MS2 RBS could be either due to enhanced translation rates, effects on mRNA turnover, or a combination of both. To disentangle these possibilities, we tested if translationenhancing effects of 5 -tails on GFP expression in vivo were consistently observed in an in vitro translation system. In vitro translation assays contained purified ribosomes and all other components needed, and added mRNAs. GFP production was measured after 30 min; pilot experiments showed that translation rates were linear past the sampling time. The mRNAs were derived from the same series of plasmids used for in vivo experiments, and translation rates were assessed by Western blot. These experiments are shown in Figure 5B and D for the AU-and CA-series, respectively. The in vitro results largely recapitulated the pattern of fluorescence readouts for strains with the corresponding fusion plasmids in vivo (compare to Figure 3B and C), and a Western analysis of GFP protein produced in vivo ( Figure 5A and C). Together, these experiments indicate that the effects observed in vivo are not due to differential mRNA degrada- tion, since mRNAs are stable in the in vitro assay (PURExpress, NEB; Materials and Methods). Both in vitro and in vivo, CA-tails were far superior over AU-tails, and similar length maxima for an enhancement effect were supported. In quantitative terms, in vitro effects were somewhat more pronounced for the CA-series ( Figure 5D ). The reason for this is unclear, but it may be related to the absence of other mRNAs to compete for ribosomes.
Blocking of the standby site inhibits translation in vitro
The experiments so far suggested that the translationenhancing effects of 5 -tails reflected their accessibility as standby sites by their single-stranded character, modulated by sequence-dependent effects. If so, rendering these tails double-stranded should prevent standby binding and block translation. This was tested in the in vitro translation system by pre-incubation with either an oligodeoxyribonucleotide (hereafter 'oligo'), 5 -TGTGTGTGTG (antisense), complementary to the CA-region of the 5 -tail, or a control oligo, 5 -TATTGATCGC, lacking complementarity anywhere in the mRNA. Figure 6A shows that the matching antisense DNA oligo almost completely abolished translation, whereas the control oligo had no effect. Thus, accessibility of the single-stranded CA-tail is required for standby and efficient translation. An RNase H cleavage assay verified that the antisense oligo, but not the control oligo, had base-paired as expected ( Figure 6B ).
Formation of translation initiation complexes requires a single-stranded standby site
The above results suggest that translation initiation on the stem-loop-only mRNA is ineffective due to impeding structure, but that a CA-tail of sufficient length can overcome inhibition. To directly monitor the effect of CA-tails on initiation complex formation, a toeprint analysis was conducted on several mRNAs with increasing number of CA repeats as standby sites. Figure 6C shows that the initiation complex formed readily when 8 CA-repeats preceded the sequestered start site, whereas it fails to do so on the mRNA lacking 5 -tails ( Figure 6C , cf. CA(8) and 00). The toeprint signal was weaker on (CA)6 RNA, consistent with lower activity than (CA)8 in all previous experiments ( Figures 3C, 5A and C) . Congruent with the in vitro translation results ( Figure 6A) , annealing of the matching antisense DNA oligo, but not the control oligo, significantly blocked initiation complex formation ( Figure 6C) . Together, these experiments show that single-stranded 5 -tails act as standby sites to enable initiation complex formation on an otherwise inaccessible RBS stem-loop. 
The presence of standby sites and structural destabilization contribute to translation efficiency
The above results showed the contribution of CA-and AUtails to translation efficiency relative to each other, and relative to the 'natural' pMS2 standby construct. This did not address how standby enhancement of translation rates relates to gfp expression when the stem-loop structure is destabilized. Therefore, point mutations were introduced to destabilize the sequestered stem-loop ( Figure 7A ). The predicted G 0 value for the stem-loop was -10.1 kcal/mol [according to (62) version 3.5 at 37
• C], and -6.7 and -3.5 kcal/mol for mutants M1 and M2, respectively.
Interestingly, the constructs with a destabilized stemloop, but without standby tail (p00-M1 and p00-M2; Figure  7B ), failed to confer higher levels of gfp translation compared to a construct with the sequestered start site (p00; Figure 7B ). As these constructs carry the SD sequence almost immediately downstream of the 5 -end of the mRNA, this might impede translation initiation. We therefore introduced the destabilizing mutations in several constructs that encode 5 -tails. Upon destabilization of stem-loops preceded by short tails, translation levels increased dramatically over that of the tail-less mRNA ( Figure 7B ; (CA)4/6-M1/2). In all cases, destabilizing the stem-loop (from WT to M1) had quantitatively similar effects as adding four additional nt of standby tail ( Figure 7B ), as can be seen from the relative expression based on microplate reader measurements ( Figure 7C) . Together, these results show that the effects of both standby tails and accessibility of the RBS together contribute to translation efficiency.
DISCUSSION
Formation of an initiation complex is the rate-limiting step in translation, and structural accessibility at/around RBS sequences is the major determinant for protein output (1, 24, 25, 28, 29, 32, 33, 63) . The pioneering work by de Smit and van Duin (44) (45) (46) (47) (48) (49) proposed a solution for the paradoxical finding that high translation rates can sometimes be achieved even from a very stable RBS stem-loop. Here, we revisited the standby model in its original MS2 coat sequence context, and--subsequently using a simplified experimental set-up--addressed some of its mechanistic aspects.
First, GFP reporter constructs were employed to measure translation in the context of the original coat standby site ( Figure 1A) , and truncated variants thereof. As predicted (49), a complex set of single-stranded sequences surrounding the coat RBS stem-loop is required to overcome inhibition and to obtain high translation rates (Figure 2 ). Systematic deletion of sequence/ structure elements gradually decreased expression to background levels, in line with an on-site standby model (49) . Similar contributions of several single-stranded sequences ('surface area') in a different gene context also suggested them to be standby sites contacted by initiating ribosomes (64) . In several papers, the Salis lab has developed a biophysical model to predict translation initiation rates (27, (64) (65) (66) . It is worth noting that our operational definition of standby is slightly different. Here, as in the de Smit and van Duin interpretation, a standby site permits substantial translation from a stably sequestered RBS which, on its own, is inactive. In the Salis papers, binding free energy components of standby, SD-antiSD, AUGtRNA fMet , as well as the SD-AUG spacing, each contribute to a total G 0 -value that predicts translation rate. The Salis lab initially defined standby sequences as the four nt preceding the SD (66) , and more recently the combined surface area contacted by ribosomes (27, 64) .
For mechanistically more tractable in vitro and in vivo experiments, we used simpler standby sites consisting of 5 -tails inserted upstream of the stable coat RBS. The rationale for using upstream sequences stems from several observations. Firstly, a 5 -U-tail works as a standby site in vitro (52) . Secondly, a genome-wide RNA structure study suggested a single-stranded 'docking site'; a stretch of sequences ≈20 nt upstream of the AUG start codon tends to be accessible (28) . Thirdly, this region coincides with the binding site of ribosomal protein S1, about 11 nt upstream of the SD according to cryo-EM (67) . S1 is implicated in binding to single-stranded RNA on and off the ribosome (51, 68) .
Using selected series of homopolymeric and dinucleotide repeat sequences as tails, the contributions of tail sequence and length were analyzed. Strikingly, increasing lengths of AU-and CA-repeat tails strongly enhance translation in vivo and in vitro ( Figures 3B, C and 5A-D) . For both CAand AU-repeats, 16-18 nt tails give maximum activity, with ≈11-fold higher values obtained for the CA-series than for the AU-series ( Figure 3B and C) . Moreover, (CA)8 even promoted activity exceeding that of the natural standby site in pMS2 by 9-fold ( Figure 3C ). Thus, sequence matters, as does length, and a low structure content can be inferred. Incidentally, an oligo-U tail of 12 nt, like the one in (50), enhanced expression to the level obtained with the reference pMS2 (data not shown).
Structure mapping experiments (Figure 4 ) suggest that addition of single-stranded tails does not affect expression through RBS structure change. It is worth noting that simply adding any 5 -tail does not increase translation. Out of 100 random 12 nt insertion tails [length as (CA)6], only few enhanced expression, whereas most gave background levels (Supplementary Figure S2) .
The good agreement between fold-effects of the CAseries in in vitro-and in vivo-assays (Figures 3B and C ; 5A-D) argues that mRNA decay rates do not contribute much to the results in cells. This is because the in vitro assay (PureSystem) monitors translation-only effects; added mRNAs are not degraded throughout the incubation time. Thus, protein output primarily or exclusively reflects differences in translation rates. The validity of translation-only assays can be limited if coupled transcription-translation effects are expected. However, translation of coat protein occurs on MS2 RNA after infection, and thus is wellmimicked in our experimental setting.
The in vitro experiments corroborate that standby activity depends on single-strandedness. An oligo that base-paired to a CA-standby tail, but not a control oligo, strongly and specifically decreased translation ( Figure 6A ) as well as initiation complex formation (toeprint; Figure 6C ). Furthermore, since quantitatively similar rate-increasing effects of CA-tails were observed in vivo ( Figures 3C and 5C ), in cellfree translation assays ( Figure 5D ), and in toeprinting experiments ( Figure 6C ), this confirms that standby acts on initiation rates.
In a final set of experiments, the effect of tails was tested in conjunction with a destabilized coat RBS ( Figure 7A ). An interplay is suggested by the results in Figure 7 , shown as Western ( Figure 7B ) and plate reader results ( Figure 7C ): short standby tails in (CA)4 failed to significantly activate translation in the absence of destabilizing mutations. Upon tail extension to a moderately standby-active (CA)6, destabilization gave an additional 5-to 8-fold increase. With a highly active (CA)8 tail, only a 2-to 2.5-fold activation was due to destabilization. Overall, the result that both structure, and a standby site, contribute to total translation rate is unsurprising. Why the M2 mutation, predicted to give >100-fold lower folding than M1, does not increase translation further is unclear. In any case, the data are congruent Nucleic Acids Research, 2018, Vol. 46, No. 8 4197 with the de Smit and van Duin model (48) in that standby sites can compensate for inhibitory structure at the RBS.
What is the nature of a standby site? As our results show, in agreement with available literature (44-48,52,53), a single-stranded segment of RNA in the vicinity of a structured RBS fits the bill. Two issues are of concern. Firstly, in spite of strong circumstantial evidence for standby, no studies have so far biochemically detected a 30S ribosome transiently bound to a standby site. We are currently addressing this by mapping of RNA-segments crosslinked to standby ribosomes on the tisB mRNA (53) . Secondly, several studies reported generally increased translation rates--not specifically in the context of structured RBSs--that were attributed to so-called translational enhancers. For example, U-rich regions bind 30S ribosomes in vitro (10, 52) and act as translational enhancers of rnd mRNA in vivo (10) . Similarly, AU-rich 5 -regions were shown to affect ribosome binding and enhance translation (11, 69) . Also, several CA-rich sequences in front of mRNAs increase translation (15) , and an ACA-motif near the yifK RBS has been proposed as an enhancer (60) . In a different study, multimers of CArepeats, 3 of the start codon of a leaderless lacZ gene, increased expression in a length-dependent manner, reminiscent of our results ( Figure 3C ); these CA-repeats bound ribosomes efficiently (12) . We suspect that these and other reported enhancer elements may be similar or identical to standby sites as analyzed here. Whether they are responsible for overcoming structural constraints according to the original standby concept, or are one of several elements contributing to a total expression value (27, 64, 66) , likely differs in a case-by-case manner. At this point, the apparent strong translation-stimulating power of CA-rich sequences is puzzling and deserves further studies.
A further question concerns requirements for ribosomal components in standby mechanisms. Clearly, ribosomal protein S1 is a main suspect, since AU-rich regions (upstream of SD sequences) are binding targets for this protein (13, 14) . As a single-strand RNA-binding protein--on and off the ribosome--it is a prime candidate for transiently anchoring the 30S subunit to a single-stranded stretch of RNA. Whether this indeed occurs is currently under investigation in our lab. Given that ∼10 nt of single-stranded RNA can be bound by one molecule of S1, and that optical tweezer experiments suggest unwinding activity on neighboring structures (70) , this protein might act as an anchor and/or a structure-changing factor. Another paper indicates that S1 binding to upstream enhancers may promote translation by faster dissociation of strong SD-antiSD interactions (71) . Notably, a recent cryo-EM study suggests that S1, at least within 70S ribosomes, may contact mRNA segments near both the mRNA entry and exit tunnels (72) . In particular, S1 has also been analyzed with respect to the contributions of its six RNA-binding domains to translation of mRNAs (18) . We presume that, whether unwinding plays a role or not, S1 may be the dominant RNA-binding protein that provides a sufficiently long bound state to make standby work and to overcome inhibitory structure. Another important aspect is that the 30S platform can accommodate structured mRNAs which, in some cases, can become unfolded for entry into an initiation-competent state (51).
This study has purposely ignored aspects of initiation that may or may not be relevant to standby mechanisms. For instance, little is known about determinants important to leaderless or 70S-only initiation (20) (21) (22) . Also, a recent study indicated that RNA structures may affect initiation efficiency by restricting sideway diffusion of ribosomes, affecting appropriate positioning for initiation (73) . Finally, in a kinetic 'ribosome drafting' model, it was suggested that the rates of local folding/unfolding at an RBS--rather than RNA stability as such--and the rates of ribosome binding, together can cause widely different expression levels (74) .
In conclusion, this paper provides a proof-of-principle study in which we demonstrate that single-stranded tails in front of a structurally sequestered RBS can promote dramatically increased translation rates. The differences between presumably unstructured tails of different sequences (CA-or AU-series) indicate that sequence matters as well, though low structure is a prerequisite. We are in the process of following up on this by using a random mutagenesis approach as in (75) to identify positive and negative determinants for standby.
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